Forced Chemical Vapor Infiltration (FCVI) method was used in fabricating the Nicalon ™!Silicon Carbide composites. Both through-thickness and In-plane (fiber fabric plane) moduli were determined using ultrasonic techniques. The through-thickness moduli were found to be much less than the inplane moduli. Both in-plane and through-thickness moduli were significantly decreased with an increased porosity. The experimental results for the moduli were found to be in good agreement with a theoretical model.
Introduction
As high temperature requirements for structural materials become more and more stringent, toughened ceramic matrix composites (CMC) consisting of fibers or whiskers dispersed in a ceramic matrix are being developed as a potential solution. These CMCs are required to exhibit high temperature strength, improved fracture toughness and high hardness. Other needs are for corrosion-or oxidation resistant wear surfaces and surfaces which are thermal insulators with high temperature stability. In some applications, new bulk high temperature materials are also it:t demand, which overcome the traditional brittleness of refractory materials. Ceramic composites appear to meet the needs, with ceramic fibers infiltrated with a ceramic matrix. High strength of the fibers enables the transfer of high load from the matrix to the fibers. Ceramic matrix composites have a high fracture toughness because energy is absorbed as the fibers pull out of the matrix, causing crack deflection or blunting. Many conventional processes for the fabrication of ceramics tend to mechanically, thermally or chemically damage the fibers during processing. Until just a few years ago, vapor-phase synthesis was rarely considered for the fabrication of structural materials. Now, however, vapor-phase infiltration has become the fabrication method of choice with a class of techniques termed Chemical Vapor Infiltration (CVI).
There are five general classes of CVI techniques shown in Fig. 1 : ( 1) isothermal (2) thermal gradient (3) isothermal-forced flow (4) thermal gradient-forced flow and (5) pulsed flow. The isothermal-forced flow process, which uses forced convection, suffers from density gradients and loss of permeability at the entrance surface. The thermal gradient forced-flow-technique developed at Oak Ridge National Laboratory (ORNL) has been used in fabricating the CMCs for this experiment. Forced Chemical Vapor Infiltration (FCVI) technique overcomes the problems of slow diffusion and restricted permeability and is capable of producing thick-walled, simple-shaped components in times on the order of hours, significantly reducing the production costs, whereas, the processing for the first three CVI techniques has been extremely long on the order of weeks. The FCVI process is self-optimizing, which has allowed for much shorter infiltration times and less difficulty in obtaining uniform infiltration. 
Material

Fibrous Preforms and Matrix Materials
Several oxide, carbide and nitride fibers that offer a variety of properties to the material designed have become available in recent years. The most commonly used SiC fiber, Nicalon, a polymer-derived microcrystalline/amorphous material is used with silicon carbide matrix in fabricating the CMCs for this investigation. Nicalon contains the chemical composition (in weight%) of 59% Si, 31% C and 10% 0 2 • Preform geometries can be tailored to the application to maximize strength and toughness in the direction of maximum stress. A preform was made by stacking Nicalon fiber cloth plies for reinforcements within the plane of cloth. To control the mechanical properties of Nicalon-SiC composite a thin pyrolytic carbon layer is deposited on fibrous preforms before densification to provide a controlled and uniform interface with the matrix. The coating prevents chemical damage of the fibers during processing and prevents weakening of the fiber matrix interface, enhancing fiber debonding and slip. Thus, the coating results in an increase in the toughness and the ultimate strength of the composite material.
Method of Fabrication
In CVI, gaseous reactants infiltrate a porous (typically fibrous) preform held at an elevated temperature depositing matrix material on the substrate structure via a standard chemical vapor deposition (CVD) reaction. This process simultaneously utilizes thermal and pressure gradients to reduce the infiltration time from weeks to hours. The CVD coating grows with continued deposition to form the composite matrix. A schematic of the process is shown in Fig. 2 . Fibrous preforms are retained within a graphite holder that contacts a water-cooled metal gas distributor, thus cooling the bottom and side surfaces of shapes. Several advantages are inherent in this process, the primary one being increased efficiency and reduced infiltration times. Second, the fabrication of preforms is simplified because fibrous materials are held in place by graphite holder instead of requiring careful processing with binders that must be gently removed. Third, moderate pressures can be applied to the graphite holder to compress the preform and increase the fiber loading of the composites. Fourth, composites with greatly increased thicknesses can be efficiently fabricated.
The primary objectives of CVI are to maximize the rate of matrix deposition and minimize density gradients. Unfortunately, there is an inherent competition between the deposition reaction and the mass transport of the gaseous species. Higher infiltrated densities are difficult to obtain because the permeability of the preforms is quite anisotropic: The permeability along the axis of the fibers is much greater than the permeability perpendicular to the fibers. Therefore, reactant gases fail to effectively infiltrate into the center of the preform and instead permeate along the length of the fibers until they deposit near the circumference of the composite. Uniform deposition can be obtained throughout the composite by infiltrating cloth preforms, but large voids are present. Flaws are created between tows in the weave and are frequently quite large because the voids in numerous layers align over one another. More uniform preforms with much finer porosity must be produced in order to infiltrate to higher densities and thus obtain higher strengths and improved strain behaviour. The fiber fabrics are typically categorized into plain and satin weaves, as shown in Fig. 3 . In this work, plain weave was used to fabricate the composite. The fiber fabric was rotated in 30° increments (i. Although cloth preforms appear to be eq ually permeable in all directions, the samples fabricated using the FCVI process seem to have some porosity. Density of each sample was determined from its weight and its volume based on the outer dimension of the sample. It is assumed that the void free density for SiC/SiC samples is 2.97g/cc. This is based on a density of 2.6 glee for the Nicalon fibers, a density of 
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The samples used for the experiment had a porosity ranged from 11% to 32% by volume. The goal of the experiment was to find out the effect of porosity on the elastic properties of Nicalon/SiC Ceramic Matrix Composites.
Experimental Procedure
Moduli measurements were performed using an ultrasonic technique. Longitudinal wave, dry coupling transducers were used in the determination of the longitudinal ultrasonic velocities in the thickness direction and in-plane directions of the samples. The longitudinal modulus of elasticity C, or the elastic stiffness constant for the direction of propagation is obtained using the simple relationship of Eq. (2) given below.
where, p = density of the sarnple and
Longitudinal wave velocity in a material could be measured using one of the following ultrasonic methods: (a) Dry contact, (b)Water Immersion, or (c) Contact using liquid or gel couplant. Since the samples used in this study are highly porous, the use of liquid or gel couplant will change the value of the modulus and cause contamination of the samples. To avoid these problems, ultrasonic measurements were performed using dry coupling longitudinal transducers. Dry contact transducers have a thin elastomer face-sheet and couple the ultrasonic propagation by pressure, without the aid of liquid or gel couplant. The transducers have a crystal size of 0.75" and a center frequency of 0.5 MHz.
The experimental setup for measuring the ultrasonic time of flight through a sample is shown in Figure   4 . The transmission setup requires a pair of transducers; one of which serves as a transmitter while the other serves as a receiver. In order to achieve good accuracy in time of flight (TOF) measurements, a pulse-echo overlap method was used to measure the TOF through the sample. In this method, TOF series), this time difference can be accurately determined by shifting one signal to overlap with the other. The amount of time shift is the TOF through the sample. Because of frequ ency dependent attenuation and dispersi on in the porous sample, the reference signal and the sample s ignal may be somewhat different in waveform. In such cases, the pul se-echo overlap is based mainly on the first few peaks of the radio frequency (RF) pulse and differences in the trail ing signal are ignored.
Velocity measurements were made for two orientations: (a) through the thickness of the square-plate samples and (b) in the plane of the square plates. Figure 4 shows the setup for a through-thickness velocity measurement since wave travels through the thickness when sa mple is oriented in the manner depicted. In the in-plane velocity measurement, the sample is placed on its edge i.e. (standing up) between the transducers, allowing the wave to travel in the in-plane direction. The samples were placed in two orthogonal in-plane directions (0° and 90°) for in-plane velocity measurements. Experiments were done for both the in-plane directions and the results are shown in Fig. 5 . It is seen that longitudinal velocity is approximately the same for the two in-plane directions. This is to be expected because each layer of cloth contains oo and 90° fibers; the laminate therefore possesses a 90° rotational symmetry.
In the configuration for in-plane velocity measurements, the transducer diameter is considerably greater than the sample thickness. The edge effect that may affect the velocity measurements is therefore a concern. Due to the lack of SiC/SiC sa mples of different thickness, graphite epoxy and fused quartz pieces of various thickness were used to assess the edge e ffect. Graphite epoxy samples were used because, like SiC/S iC samples, they are also laminated. Fused quartz was used because the speed of sound is well known in fused quartz and because its thi ckness was close to that of the SiC/SiC samples.
It was found that sample thickness in th is experiment only affected the lo ngitudinal velocity by a few percent. The edge effects in the in -plane veloc ity measurements are therefore ignored in this preliminary study.
Results
Microscopy
M icroscopic examination of the compos ite was carried out to exami ne the type and distribution of porosity in the samples. Planar and cross-sec tional views of a composite specimen are shown in Fig. 6 .
It could be seen from F ig. 6 that there were two major types of porosi ty in the Nicalon/SiC composite, viz. porosity at the fiber tow intersection [Fi g. 6(a)] and interlaminar poros ity [ Fig. 6(b) ]. The extent of interlam.i nar porosity was found to be greater than the poros ity present at the fiber tow intersection . The composite was highly anisotropic and hence, it cou ld be expected that the mechanical properties of the Nicalon/SiC composites wi ll vary s ignificantly along the in-plane and throu gh-thickness directions.
The density (as measured from the specimen weight and dimens ions) and % porosity of the specimens are listed in Table l . Note that the % porosity in the sample is given by Eq. ( l). T he density of the samples varied from 2.02 glee to 2.63 glee and the % poros ity from 11 .5 to 3 1.6. The theoretical dens ity of the composite is 2.96 glee, which is based on the density of 2.6 glee for the Nicalon fibers and 3.21 glee for the S iC matrix, and a fiber volume fraction of 0.4. T he variati on of the porosity allowed us to evaluate the effect of porosity on the moduli of the composites.
Ultrasonic Measurements
The longitudinal moduli of the compos ites were determi ned in both in-plane and through-thickness orientations. The results are summarized in Table I ... While taking the in-plane velocity measurements, it was noted that the transducer diameter was considerably greater than the thickness of the samples. In general, longitudinal velocity in thin rods is less than the longitudinal velocity in bulk material. Therefore the edge effect that may affect the velocity measurement was a concern. Due to the lack of SiC/SiC samples of different thickness, graphite epoxy and fused quartz pieces of various thickness were used to assess the edge effect. For the given thickness of the SiC/SiC samples, there was no significant edge effect present in this experiment.
Theoretical Model
A micromechanics model based on a periodic structure is developed at University of Tennessee 1 • 3 to estimate the effect of porosity on the elastic properties of the woven fabric composites. As shown in Fig. 11 , a representative unit cell, which is repeated in all directions, consists of eight woven fibertows in the shape of elliptic cylinders and one parallelepiped that is used to model the interlaminar porosity. Fig. 12 presents the predicted in-plane rnodulus of the Nicalon/SiC con1posites versus % porosity.
Increased porosity was found to decrease the stiffness, as observed experimentally (Fig. 8) . 
Discussion
In this investigation, both through-thickness and in-plane tnoduli are determined using ultrasonic methods. The through-thickness moduli are found to he much less than the in-plane moduli. This trend could be related to the greater an1ount of interlaminar porosity than the porosity at the fiber tows intersection, as shown in Fig. 6 . Increased porosity significantly decreased both in-plane and throughthickness moduli.
A periodic model using a homogenization method is formulated to predict the influence of porosity on the moduli of woven fabric composites. The theoretical prediction showed the decreased moduli with increased porosity. Moreover, the in-plane moduli are predicted to be in reasonably good agreement with the experimental results. Nevertheless, the predicted rnoduli are found to be somewhat greater 
Conclusions
Nicalon fiber-reinforced ceramic-n1atrix composites were fabricated by infiltrating low-density fibrous structures with gases that decompose and deposit as SiC to form the matrix using the Forced Chemical
Vapor Infiltration (FCVI) technique at Oak Ridge National Laboratory (ORNL). Both through-thickness and in-plane moduli were measured using ultrasonic methods. The in-plane moduli were found to be greater than the through-thickness moduli. Increased porosity was found to significantly decrease both through-thickness and in-plane moduli. A theoretical model developed to predict the effect of porosity on the moduli of woven fabric composites predicted the decreased moduli with increased porosity. The predicted moduli were found to be in reasonably good agreement with the experimental values.
